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Diffusion-chemical interactions in glass in the system K 2 0 - PbO - SiO-, are analyzed. The interactions are 
treated from the kinetic standpoint in interrelation with the structural particulars of glasses and the conditions 
of technological processes. 
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Lead-containing glasses are widely used in the produc¬ 
tion of articles for different applications (optical, electro-va¬ 
cuum, illumination-engineering, dishware, and decorative ar¬ 
ticles). For this reason, some characteristic of these glasses 
must be taken into account when organizing technological 
processes, for example, elevated volatility of lead oxides and 
the capability of a phase of metallic lead being released un¬ 
der reducing conditions. It should be noted that even though 
there is a quite substantial number of works in the investiga¬ 
tion of the structural properties of lead-containing glasses, 
specifically glasses of the system K 2 0 - PbO - Si0 2 , there 
are comparatively few investigations of the technological 
characteristics of these glasses and the diffusion-chemical in¬ 
teraction in them. This is indicated by, for example, the data 
of the scientific - technical literature index [1] and the hand¬ 
book [2], Some results of investigations in this field and the 
character of the industrial application of lead-containing 
glasses are reflected in [3 - 6], Here, primarily physical as¬ 
pects of the interaction were studied. 

In the present article the diffusion-chemical interactions 
with volatilization of lead oxides and oxidation-reduction re¬ 
actions during heat-treatment of glasses in the system K 2 0 - 
PbO - Si0 2 are analyzed for compositions of lead crystals 
used in the production of home glassware (12 -24% PbO). 
These interactions are examined from the kinetic standpoint 
in interrelation with the structural particulars of the glasses 
and the conditions of commercial technological processes. It 
is noted that the heterogeneous interaction, specifically, the 
reduction of lead, includes a stage where nanoparticles form. 
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VOLATILIZATION OF LEAD OXIDES 

Volatilization losses in lead-containing glasses at glass¬ 
making and extraction temperatures reach a considerable 
magnitude, and lead oxides comprise the larger portion of the 
products of volatilization (up to 90%). This leads not only to 
the appearance of nonuniformities in molten glass and lower 
product quality but also to higher consumption of scarce 
lead-containing materials and environmental contamination. 

In [7, 8] mass losses of glass samples per unit surface 
area were determined in a study of volatilization. Con¬ 
sidering the value of the results obtained, it should still be 
noted that at the present time there are still not enough data 
to understand the complicated process of volatilization, espe¬ 
cially in glass production processes. 

The investigations of the character of volatilization of 
lead oxides were performed on experimental glasses of the 
system K 2 0 - PbO - Si0 2 and commercial glasses with PbO 
content 12-24% at temperatures 1200- 1400°C. The con¬ 
tent of lead oxides was determined in thin samples from 
near-surface layers of glasses made in crucibles, held for a 
definite period of time in an electric furnace at a prescribed 
temperature. 

Figure 1 shows the kinetic curve of the change in the de¬ 
crease of PbO at 1350°C. Analysis showed the glass compo¬ 
sition to be as follows (% 2 ): Si0 2 — 60.1, PbO — 23.9, 
K 2 0 — 15.9. As one can see from the figure, the kinetic 
curve is complicated. The process of volatilization can be an¬ 
alyzed using the kinetic equations for a heterogeneous pro¬ 
cess [9]. The change of the PbO content as a result of volati- 
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Fig. 1. Kinetic curve of the variation of the PbO content in glass. 


lization proceeds with a decrease of the parameter in time, so 
that we take as a basis the kinetic equation 

P T = (i> 0 -i , c )exp(-*T") + P 0 , (1) 



Fig. 2. Logarithmic anamorphosis of the kinetic curve of the PbO 
content variation. 


where P T ,P Q , and P c are, respectively, the instantaneous, ini¬ 
tial, and final value of the measured quantity (PbO content); 
x is the time; k, n are kinetic parameters of the process. 

Comparing Eq. (1) with the equation for the “pure” pro¬ 
cess of homogeneous kinetics, which is not complicated by 
parallel processes occurring in the system [10], it is evident 
that the exponent k characterizes the flow of volume pro¬ 
cesses in the system. The exponent n of the time, as follows 
from the derivation of the equation presented in [9], is related 
with the formation of primary elements of interaction on an 
interface (in this case, surface sections from which volatiliza¬ 
tion occurred) and therefore characterizes the flow of surface 
processes. 

In application to volatilization and variation of the PbO 
content in range 24 - 22%, Eq. (1) has the form: 

P T = 2exp (- kx") + 21.9. (2) 

After transformation and taking the logarithm we obtain 
log [0.301 - log (P T - 21.9)] = log (k lg e) + n log x. (3) 

A graphical representation of the logarithmic anamor¬ 
phosis is presented in Fig. 2. Using the experimental data, we 
determine the values of the kinetic parameters: n — from the 
slope angle of the straight line and k — from the initial ordi¬ 
nate. The parameter values are k= 1.45 and n = 2.8. 

Thus the kinetic equation characterizing the variation of 
the PbO content is 

P T = 2exp (- 1.45x 2 - 8 ) + 21.9. (4) 


Fig. 3. Kinetic parameters ver¬ 
sus temperature. 


log k log n 



enriched with silica slows the rate of volatilization of the 
components, particularly, PbO. 

The temperature dependence of the kinetic parameters 
was determined to clarify the effect of temperature on the 
character of the volatilization. Experiments with different 
values of the temperature in the range 1300- 1450°C 
showed that the temperature dependence of the kinetic pa¬ 
rameters follows the Arrhenius exponential equation: 

k = ^exp^-^j; n=Nex p^-^j, (5) 


As one can see in Fig. 1, the rate of change of the PbO 
content in near-surface layers of the glass has sections with 
retarded initial and final stages. Evidently, the main reason 
for the retardation of the rate at the end of the period consi¬ 
dered is volatilization of PbO and K 2 0 from the glass surface 
and its enrichment by silica. The formation of a surface layer 


where E k is the activation energy of the volume process, E n is 
the activation energy of the surface process, T is the tempera¬ 
ture (in K), R is the gas constant, and K and N are constant 
coefficients. 

The temperature dependences are shown in Fig. 3. In ac¬ 
cordance with the dependences obtained, the energy parame- 
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Fig. 4. Scheme of the surface mass transfer accompanying volatil¬ 
ization of the components of glass (PbO): a) surface layer enriched 
with Si0 2 and formation of breaks in it; b) lifting of the surface by 
“fresh” molten glass from lower-lying layers; c) spreading of “fresh” 
molten glass along the surface and displacement of previously 
formed surface layer into the interior volume of the melt. 

ters of the process are E n = 74.2 kJ/mole and E k = 
127.8 kJ/mole. The total activation energy of the volatiliza¬ 
tion process is E w 202 kJ/mole. It is evident from Fig. 3 that 
the kinetic parameter n, characterizing the flow of the surface 
processes, depends more strongly on the temperature than 
does the parameter k. This shows that the temperature has a 
stronger effect on the process of volatilization from the sur¬ 
face and weaker effect on transfer (diffusion) in the volume 
of the melt. 

Surface phenomena in the glasses of the system K 2 0 - 
PbO - Si0 2 play an important role in volatilization of the 
components from metal, especially PbO. It is known from 
the data of A. A. Appen, et al. [2] that in the glasses of the 
present system PbO possesses surface activity. In this con¬ 
nection, positive adsorption of the lead-oxygen groups will 
occur on the surface. This confirms the assumption that defi¬ 
nite structurally shaped lead-oxygen groups, which are 
weakly bound with the main silicon-oxygen framework, are 
present glasses [11], 

Weak structural binding of lead-oxygen groups in the 
volume of the glass and especially on the glass surface facili¬ 
tates the volatilization process. Here it should be noted that 
the state of the lead-oxygen groups in the surface layer is dif¬ 
ferent from their in the interior volume. In the surface layer 
the coordination number of lead with respect to oxygen de¬ 
creases and under the influence of the surface force field the 
bonds with oxygen become weaker. All this facilitates the 
volatilization process. Because of these factors, dissociation 
of lead-oxygen groups can likewise occur in the surface lay¬ 
ers: PbO —» Pb + 0 . Volatilization of atomic lead formed as 
a result of dissociation in the surface layer is facilitated by 
high vapor pressure (0.25 kPa at 1027°C). 

Dissociation in the surface layer is observed for a num¬ 
ber of substances even with much stronger bonds than in 
lead-oxygen groups [11 - 14]. 

Investigations of the process of volatilization as a func¬ 
tion of the PbO content in glass show that the losses accom¬ 


panying volatilization increase with increasing PbO content, 
especially above 18%. 

As noted, the volatilization of the components from the 
surface results in the enrichment of the surface layer with si¬ 
lica, the appearance of glass with a new composition with 
much higher viscosity and surface tension. Surface mass 
transfer occurs; this process is studied by H. Jebsen-Marve- 
del and R. Briikner [5]. 

The micro-nonuniformity of the surface and the effect of 
the surface forces result in the formation of breaks through 
which “fresh” molten glass flows to the surface from the 
lower-lying layers with lower surface tension and viscosity. 
Under the action of surface forces this fresh molten glass 
spreads along the previously formed surface layer, which is 
thus displaced into the interior volume of the melt. Volatile 
components (PbO) are once again removed from the newly 
formed surface layer and the process repeats. The surface 
layers enriched with silica and displaced into the volume of 
the melt serve as a source of formation of striae, which is 
confirmed by the experimental data. Surface mass transfer is 
illustrated schematically in Fig. 4. 

When industrial technological processes are conducted, 
especially in making lead crystal and in manual extraction of 
the articles, the appearance of striae in the articles during the 
initial period of extraction is mainly due to the this phenome¬ 
non. For this reason, when making lead crystal in a crucible 
furnace it is recommended that the surface layer of the glass 
be removed before extraction of the articles starts. For 
glass-making in tank furnaces continuous mixing of the mol¬ 
ten glass in the extraction part gives a definite homogeniza¬ 
tion of the molten glass but results in elevated volatilization 
of PbO and some decrease of light transmission and index of 
refraction as a result of the high concentration of fine striae. 
To decrease volatilization losses and when the productivity is 
relatively low deep electro-melting under the mix layer 
should be used. For mechanical extraction of articles made of 
crystal, in order to eliminate any consequences of PbO vola¬ 
tilization from the surface, feeders with a closed surface of 
the molten glass are used and stream-apportioned molten 
glass is fed through the electrically heated platinum tube. 
The highest requirements for chemical and optical unifor¬ 
mity are applied to optical glasses. In this connection condi¬ 
tions which prevent the appearance of nonuniformities and 
striae are created: the use of continuous mixing during 
glass-making, prolonged cooling with mixing, pouring glass 
off the bottom part, and so forth. 

GAS-PLASMA HEAT-TREATMENT 

In the heat gas-plasma treatment of glasses in the system 
K 2 0 - PbO - Si0 2 diffusion of gases in glass, chemical in¬ 
teraction of gases with the structural elements of the glass, 
precipitation of a new phase, and interaction of the latter with 
the surrounding glassy matrix all occur together. 
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Fig. 5. Kinetic curve of the variation of the light absorption in glass 
and its semilogarithmic anamorphosis. 


The kinetics of the diffusion-chemical processes in 
glasses has not been studied adequately, which pertains fully 
to K 2 0 - PbO - Si0 2 glasses. The results of investigations of 
the physical side of the reduction processes in lead - silica 
glass are reflected in [15, 16], but the kinetics of the diffu¬ 
sion-chemical interaction remains unknown. 

Experimental and commercial glasses were used to in¬ 
vestigate gas-plasma heat-treatment processes. The glass 
samples were initially treated with a fixed reducing flame 
from burning natural gas with gas-reduced content 5.3%, in¬ 
cluding 2.2% H 2 and 3.1% CO. 

The integral light absorption of a sample in the visible 
range of the spectrum, as determined with a spectrophoto¬ 
meter in the interval 400 - 800 nm with the light absorption 
varying in this region uniformly over the spectrum, was used 
as the characteristic of the reducing process. 

The temperature and surface electric-conductivity were 
also measured in the course of the measurements. Here the 
kinetic principle of the process stopping at a definite moment 
was used, so that all measurements were performed at room 
temperature. As a result of the rapid increase of the viscosity 
in the surface layers of the glass on cooling the state reached 
at a definite moment of heat treatment is reliably fixed. 

The data obtained were used to perform physical-chemi¬ 
cal analysis of the process as a whole and its individual 
stages. The main dependences are presented in Figs. 5 and 6. 

Figure 5 shows the kinetic variations of the light absorp¬ 
tion of samples treated in a reducing regime at temperature 
815°C of the surface layers. The arrow shows that inflection 
point of the curve. This point corresponds to the maximum of 
the surface electric conductivity. The electric conductivity 
increases from 1.6 x 10 -15 to 2.04 x 10 -9 S/m. The pre¬ 
sence of an inflection point attests to the two-stage nature of 
the reducing process. At the first stage, as a result of a sur¬ 
face chemical reaction, reduction of lead occurs initially into 
an atomically disperse fonn [15, 16] followed by aggrega¬ 
tion into nanoparticles. Lead atoms serve as centers facilitat¬ 


log k 



Fig. 6. Temperature dependence of the rate constants of the reduc¬ 
ing process. 


ing electron exchange. The surface of the glass acquires 
properties of a semiconductor with a considerable fraction of 
electronic conductivity, which is noted by the maxima of the 
surface electric conductivity and the rate of growth of light 
absorption. Thus, a short-time change of the characteristics 
of the surface layer occurs. Aggregation of nanoparticles into 
larger formations (clusters) between which glass layers ap¬ 
pear occurs at the second stage. The surface electric conduc¬ 
tivity drops because of the loss of the electronic component. 
At the same time the reduced lead evaporates from the sur¬ 
face, reducing gases penetrate into the bulk of the glass, and 
lead is reduced in the lower-lying layers. However, the semi¬ 
conducting state with electronic conductivity is reached only 
for the surface layer. The growth of light absorption slows 
down substantially; this is indicated by the course of the ki¬ 
netic curve after the inflection point. At this stage of the re¬ 
duction process the increase of the thickness of the reduced 
layer is combined with evaporation of lead from the surface 
layers. The slowing of the growth of light absorption is also 
related with diffusion difficulties for the reducing gases as 
they penetrate into the bulk of the glass. 

The experimental data show that reduction is a diffu¬ 
sion-kinetic process, and at the first stage the process pro¬ 
ceeds in the kinetic region. The separation of the kinetic 
curve into two sections and the semilogarithmic anamor¬ 
phosis shows that each stage of the reducing process is a 
first-order process. The rate constants of each stage of the re¬ 
duction processes are 0.138 and 0.027 sec - respectively. 

For the diffusion-kinetic regime, in conformance to [17], 
the total rate constant of reduction is given by 


where k { and k 2 are rate constants of the chemical reaction 
and diffusion process. 








242 


Yu. A. Guloyan 


The relation (6) makes it possible to determine two limit¬ 
ing regions of the diffusion-kinetic process. For k x <s k 2 , 
K&k x the process proceeds in the kinetic region and its rate 
is completely determined by a kinetic chemical reaction. For 
k x » k 2 , K& k 2 the process occurs in the diffusion region. 

As noted above, the reduction process occurring on the 
surface can be regarded as proceeding in the kinetic region as 
a result of continuous access of reagents with constant con¬ 
centration to the surface. The rate constant of the first stage is 
the rate constant of a chemical reaction: k x = 0.138 sec' 1 . At 
the same time the process at the second stage proceeds in a 
diffusion-kinetic regime, and the rate constant determined is 
a total rate constant of the process: K = 0.027 sec “ '. The re¬ 
lation (6) gives k 2 = 0.035 sec '. 

Comparing the values obtained for the rate constants 
shows that at a temperature of the surface layers 815°C in the 
interval 19-30 sec (at the second stage) the reduction pro¬ 
cess proceeds in the diffusion region. 

The process passes into the kinetic region as temperature 
decreases. The determination of the kinetic characteristics of 
the process at different temperatures makes it possible to es¬ 
tablish the temperature dependence of the rate of the process 
as a whole and in limiting regions. This dependence for the 
rate constants of the process in the different regimes is shown 
in Fig. 6, whence the temperature regions where the kinetic 
and diffusion regimes occur can be seen. The point of inter¬ 
section of the straight lines corresponds to the temperature at 
which the rate constants of these regimes are the same. As 
temperature increases, the process shifts into the diffusion re¬ 
gion and, vice versa, as it decreases, the process shifts into 
the kinetic region. 

The mechanism of the reduction process can be ex¬ 
plained from the adsorption standpoint. When the process 
occurs on the surface of glass, initially adsorption of the re¬ 
ducing gas on the reaction surface occurs on the reaction sur¬ 
face, and this is follows by detachment of oxygen from the 
lead complex and transfer of the oxygen to the adsorbed mol¬ 
ecules of the reducing gas, which process is accompanied the 
appearance of the reducing phase of the metallic lead and, fi¬ 
nally, desorption of the gaseous product formed. 

The process of lead reduction on the surface can be re¬ 
presented in a general form as follows: 

PbO + H 2 -> PbO • H 2ads -> Pb • H 2 O ads -> Pb + H 2 0; 

PbO + CO -» PbO • CO ads -> Pb • C0 2ads -> Pb + C0 2 . 

The uniqueness of the structure function of lead in the 
glasses, which is connected with the high polarizability an 
electronic shell, results in the formation of definite structur¬ 
ally formed lead-oxygen groups [11] with comparatively low 
force characteristics. The binding energy in these groups 
equals 75 - 163 kJ/mole, while in H 2 and CO — 433 and 
945 kJ/mole [14], Thus the particles are much more mobile 
in lead-oxygen groups, facilitating breaking of the bonds in 
them. At the same time the asymmetry of these groups, 


which is associated with the different magnitude of the 
Pb - O binding energy, corresponds to the deformation of ad¬ 
sorbed molecules of the reducing gases with weakening or 
rupturing of the bonds. As a result, favorable conditions are 
created for the formation of Fl 2 0 and C0 2 molecules. The 
donor form of the chemisorption of reducing gases increases 
the concentration of free electron, which are expended on the 
reduction of lead in an atomically dispersed form followed 
by the formation of nanoparticles (Pb 2+ + 2e —> Pb) and fa¬ 
cilitate the appearance of an electronic component in the sur¬ 
face layer. The activation energy of the reduction reaction, 
determined from the kinetic data ( E a = 86 kJ/mole), has 
turned out to be comparable to the Pb - O binding energy, 
showing that the rate of rupture of these bonds determines 
the rate of the rate of a chemical act of reduction. When the 
reduction process is complete, aggregation of nanoparticles 
of metallic lead with fonnation of clusters occurs and the dis¬ 
tances between the enlarge particles increase. Under these 
conditions electron exchange becomes impossible, and the 
electric conductivity decreases as a result of the loss of the 
electronic component. 

The volatilization of metallic lead from the surface of a 
layer results in the formation of a microlayer of glass which 
does not contain reduced lead. The reduction process in the 
low-lying layers occurs with the diffusion of reducing gases 
through the surface layers of the glass. As a result of the mi¬ 
cro-heterogeneity of lead-containing glasses, the reducing 
gases penetrate into the glass along the boundaries of the 
nonuniformities; the reducing processes proceed nonuni- 
formly with local limitations. A transition of electrons from 
neighboring anions of the lead-oxygen groups in glass is pos¬ 
sible on the glass - metal interface which arises. The dis¬ 
rupted electroneutrality of a microsection gives rise to migra¬ 
tion of electrons toward surface and facilitates binding of the 
reducing gases with oxygen. On the other hand, having 
gained negative charge the metal attracts the cations Pb 2+ 
from the lead-oxygen groups. Breaking existing bonds with 
oxygen, the cations collectively incorporate the general elec¬ 
tron cloud of the metal and become its main part. The metal¬ 
lic lead particles grow. Because the process develops 
nonuniformly, interlayers of glass are present between the 
particles of reduced lead, and a state with electron-ion con¬ 
ductivity does not arise. 

The oxidation of the reduced layer of metallic lead oc¬ 
curs by means of the action of an oxidative flame on the sam¬ 
ple. The oxidation of metallic lead consists of oxygen diffu¬ 
sion toward the lead - glass interface, adsorption of oxygen 
on this boundary, and formation of lead-oxygen complexes. 
In contrast to the reducing gases, oxygen is adsorbed as an 
electron acceptor: 


°2(gas) 20 (ads) 


+ 2e —> 20 . 


Metallic lead serves as a source of electrons: 


Pb -> Pb 2+ + 2e. 
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This creates conditions for the formation of lead-oxygen 
complexes which enter into the structure of the glass. The 
sizes of the particles of metallic lead decrease until the parti¬ 
cles vanish completely. 

Gas-plasma heat-treatment of lead-containing glass is 
used for soldering the constituent parts of electro-vacuum 
and illumination-technological articles, in the production of 
home glassware with heat-treatment of the surface and edges 
of crystal articles [4, 6, 18]. “Soft” (reduced) and “hard” (ox¬ 
idized) flames of the burners are used. 

In fire polishing the edges of articles made of lead crys¬ 
tal, a two-stage heat-treatment technology was developed. At 
the first stage the edge of an article is exposed to a “soft” 
flame. In so doing, first, the lead on the surface is reduced 
and volatilizes and a microlayer of lead-free glass is formed. 
Next, the reduction of lead proceeds beneath the surface 
layer with reducing gases diffusing through it. The reduced- 
glass layer formed in the process screens heat from reaching 
the lower-lying layers and leads to soft heating and partial 
melting of the edge. At the second and final stage of the pro¬ 
cess, under the action of the “hard” flame, oxygen diffuses 
through the thin surface layer and oxidizes the particles of re¬ 
duced lead. 

The technology has been tests and adopted at the Gus’- 
Khrustal’nyi works. Acceleration of the melting process is 
observed, the appearance of rejects due to deformation of the 
edge and separation of a ring-shaped strip at the top edge of 
the article, and other phenomena are observed. 

The generalized kinetic analysis of the processes in 
glasses in the system K 2 0 - PbO - Si0 2 has made it possible 
to obtain data reflecting the role of surface and volume fac¬ 
tors accompanying heterogeneous interaction, including a 
stage of formation of nanoparticles, as is indicated by the 
short-time change of the characteristics of the surface layer. 
Further development of this direction is necessary in connec¬ 
tion with the development of nanotechnologies, in which sur¬ 
face phenomena play a determining role. 
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